. Early onset albuminuria in Dahl rats is a polygenetic trait that is independent from salt loading.
genetics; linkage; quantitative trait loci THE INBRED DAHL SALT-SENSITIVE rat strain SS was originally bred on the basis of its high blood pressure after being fed a high-salt (8% NaCl) diet (20) . Thus this strain is generally used as a model for salt-sensitive hypertension by placing young animals on a high-salt diet, while blood pressures are determined some weeks thereafter. Consequently, it is usually disregarded that SS animals are also genetically prone to develop a "spontaneous" blood pressure increase under normal or low-sodium diet (13, 27) . Moreover, Sterzel and associates (27) demonstrated previously that inbred SS animals derived from the SS/Jr strain inherit a glomerular phenotype leading to early manifestation of albuminuria prior to the consumption of a high-NaCl diet and before the development of systemic hypertension.
To characterize the genetic mechanisms leading to changes of the glomerular capillary wall filtration barrier giving rise to abnormal filtration of albumin and increased urinary albumin excretion (UAE) is of interest. Hence, an elevated UAE is a predictor for the development of chronic nephropathy (2) and a moderate increase of UAE in the range of microalbuminuria represents an independent risk factor for cardiovascular events in patients with hypertension, diabetes, or pre-existing cardiovascular disease (18, 22) .
We have recently demonstrated in the MunichWistar-Frömter (MWF) rat model the possibility to dissect the genetic basis of increased UAE by quantitative trait loci (QTL) mapping analysis (23) . Accordingly, the goal of the current study was to characterize the genetic basis for the early onset of UAE observed in the SS rat. We characterized a spontaneously hypertensive rat (SHR) strain as a contrasting reference strain and showed similar hypertension on a low-sodium diet in this strain compared with SS. More importantly, this SHR strain shows contrasting low UAE rates compared with SS. We then performed an experimental cross-breeding study between SS and SHR for genome-wide QTL analysis and the genetic dissection of increased UAE in SS.
METHODS

Animals
The SS rats are derived from the inbred SS/Jr strain available from Harlan Sprague-Dawley (Indianapolis, IN) (20) . SS Fub animals and SHRFub were obtained from our colonies (established in 1997) at the Freie Universitä t Berlin (FUB) and were maintained as reported (11) . For the linkage analysis, we generated an (SS FUB ϫ SHRFUB)F2 cross population including 539 male animals. Animals were studied in Article published online before print. See web site for date of publication (http://physiolgenomics.physiology.org).
compliance with institutional regulations. Rats were grouped under conditions of regular 12-h diurnal cycles using an automated light switching device and climate-controlled conditions at a room temperature of 22°C. All parental and F 2 rats studied in the current set of experiments were fed a normal pelleted diet containing a low 0.2% NaCl by weight content and had free access to food and water.
Determination of Phenotypes
Blood pressure measurements. The development of spontaneous hypertension in both strains on low-sodium diet was studied by radiotelemetry (Data Sciences International, Minneapolis, MN) as reported (11) . Transducers were implanted at 11 wk. Blood pressures were measured in freely moving conscious rats at 14 wk of age (n ϭ 6, respectively).
Determination of UAE. For urine analysis, rats were placed into metabolic cages, and urine was collected over a 24-h period. Albumin concentrations were measured by a sensitive and rat-specific ELISA technique established in our laboratory (12) using a rat-specific antibody (ICN Biomedicals, Eschwege, Germany). UAE was measured in both parental strains including the animals evaluated by radiotelemetry (n ϭ 6, each), and in young animals studied in weekly intervals between 4 and 8 wk of age for time course analysis of UAE (n ϭ 11-12, each). In addition, UAE was determined in adult parental animals and in F 1 animals at 28 wk of age (n ϭ 11-12, each).
Glomerular morphology analysis. For ultrastructural evaluation of glomeruli by electron microscopy, kidneys from parental animals at 4 wk (n ϭ 3 each) were evaluated. The kidneys were immersion-fixed with glutaraldehyde in 0.1 M cacodylate buffer. Small tissue pieces of cortex of 1 mm 3 were prepared using single-edge razorblades and subsequently embedded in Epon resin according to standard procedures (10) . Ultrathin sections were cut using a Reichert-Jung ultramicrotome, contrasted with uranylcitrate, and subsequently analyzed in a Philips CM-10 transmission electron microscope.
F 2 rats were killed under isoflurane anesthesia. The spleen, liver, and the left kidney were excised. For light microscopy evaluation, a midcoronal section of the left kidney was fixed in Methacarn and embedded in paraffin as previously described (24) . The 3-m sections of the kidneys were stained with the periodic acid-Schiff technique. The glomerulosclerosis index (GSI) was assessed in selected F 2 animals using a semiquantitative scoring system (21) .
Genotype Determination and QTL Mapping
A complete genome screen on all 21 chromosomes except the Y chromosome was performed as reported (23) . The interval between the 210 polymorphic microsatellite markers was on average 10 centimorgans (cM). The information and primer of microsatellites were obtained from data bases provided by the rat genome data base (RGD) at the Medical College of Wisconsin (http://www.rgd.mcw.edu/) and the Massachusetts Institute of Technology (http://wwwgenome.wi.mit.edu/rat/public/). Genotyping was performed as previously reported (11) .
QTL mapping analysis for UAE phenotypes was performed after logarithmic transformation of UAE values. Prior to linkage analysis, normal phenotypic distribution of UAE log values was confirmed by the Kolmogorov-Smirnov test. For the first genome screen 23 animals at the lowest and highest phenotype distribution for UAE were selected for analysis (total 46 animals), similar to a strategy recently reported (23, 25, 28) . Subsequently, linkage analysis was performed with the MAPMAKER/EXP program to build a first genetic linkage map for this cross and to identify putative QTL by using the MAPMAKER/QTL computer package (15) . For putative QTL regions, QTL mapping was performed after genetic analysis of all 539 animals for flanking and additional markers. QTL was considered to be significant if the logarithm of odds (LOD) score was more than 4.3 and suggestive if the LOD score was between 2.8 and 4.3 (14) . Subsequently, we "fixed" the variance at each of the identified UAE QTLs with a LOD score higher than 2.8, respectively, and rescanned for each "fixed" QTL the total genome to test whether new potential QTL regions could be detected or whether a QTL with a suggestive LOD score achieved a significant LOD score after "fixing."
Statistical Analysis
Statistical analysis was performed using one-way analysis of variance (ANOVA) or repeated measures analysis followed by the Bonferroni adjustment, and by Mann-Whitney U-test, as applicable. Data are means Ϯ SD. Statistical significance was set at the P Ͻ 0.05 level.
RESULTS
Phenotypes in Parental Strains
Blood pressure measurements by radiotelemetry demonstrated under a low-salt diet that adult SS animals at the age of 14 wk develop increased blood pressure values similar to the SHR strain (Fig. 1A) . In contrast, SS rats develop a marked increase in UAE compared with SHR animals (P Ͻ 0.0001, Fig. 1B) .
The time course of UAE in young animals (n ϭ 11-12) of both strains is shown in Fig. 2 . As early as 4 wk of age, at the time of weaning, SS animals exhibited significantly elevated UAE rates, averaging 4.70 Ϯ 2.62 mg/24 h compared with 0.03 Ϯ 0.01 mg/24 h in SHR (P Ͻ 0.0001). SS animals demonstrated a significant weekly increase of UAE between 4 wk and 8 wk of age (P Ͻ 0.05), whereas SHR animals maintained low UAE rates below 1 mg/24 h. UAE averaged 69.96 mg Ϯ 27.00 mg/24 h at 8 wk of age and was thus 280-fold elevated compared with SHR. With increasing age, adult SS animals at 28 wk of age had an UAE of 148.47 Ϯ 46.70 mg/24 h, whereas SHR rats demonstrated 2.60 Ϯ 0.79 mg/24 h (P Ͻ 0.0001). At this age F 1 animals derived from both strains showed UAE values of 2.15 Ϯ 0.44 mg/24 h, which were similar to those observed in SHR animals.
Analysis of the glomerular ultrastructure by electron micrographs at 4 wk of age revealed no morphological abnormalities of glomeruli in both strains (Fig. 3) . Podocytes still showed normal extensions, and the number of slit-pores had not decreased as yet in the SS strain. Neither in glomeruli from SHR rats nor from SS rats podocytes retraction or effacement was observed (Fig. 3) .
In addition, at 4 wk of age no morphological abnormalities were seen in SS animals by light microscopy evaluation (not shown).
Cosegregation and QTL Mapping Analysis in F 2 Animals
The overall range of UAE between 0.04 and 96.12 mg/24 h observed in F 2 hybrids was in agreement with the contrasting data found between the two parental strains. However, only 5.75% (31 animals) of the 539 F 2 hybrids showed an UAE rate higher than 1 mg/24 h, and only 2.41% (13 animals) demonstrated values above 4 mg/24 h.
By genome-wide QTL mapping analysis we identified seven QTLs with either suggestive or significant linkage to UAE levels obtained in young F 2 animals at 8 wk of age (Fig. 4 and Table 1 ). Significant UAE QTLs (LOD Ͼ 4.3) were mapped to rat chromosome (RNO) RNO2 with a peak LOD score of 4.4 at D2Rat126, RNO6 with a peak LOD score of 6.5 at D6Rat12, RNO9 with a peak LOD score of 8.0 at D9Rat10, and RNO19 with a peak LOD score of 5.5 at D19Rat75. Additional suggestive UAE QTLs (LOD between 2.8 and 4.3) were identified on RNO8 with a peak LOD score of 2.9 at D8Rat46, RNO10 with a peak LOD score of 3.6 at D10Rat30, and RNO11 with a peak LOD score of 3.7 at D11Mit2. When the variance at each UAE QTL was fixed and QTL mapping analysis was repeated, no additional suggestive QTLs were detected, and none of the identified suggestive QTLs achieved a significant LOD score. Taken together, the seven QTLs account for 34% of the overall variance of UAE in this population. The largest effect was contributed by the QTL on RNO9 showing the highest LOD score, i.e., 8.0, and contributing 8% to variance of the trait. When the phenotypic effect at each QTL was analyzed, it appeared that a significant albeit moderate increase of UAE in heterozygous animals occurred only at the QTL on RNO6, whereas a recessive mode of inheritance was evident at all other QTLs (Table 1) . Overall, homozygosity at each UAE QTL accounted for a similar mean increase in UAE of ϳ1-1.5 mg/24 h in the F 2 animals.
Interestingly, the presence of two SS alleles caused an increase of UAE at six QTLs as expected from the parental phenotypes. On RNO11, however, the presence of the SS allele was linked to lower UAE; thus homozygosity for the SHR allele led to a significant increase in UAE ( Table 1 ). The functional importance of all interacting QTLs and thus of the suggestive QTL on RNO11, the two other suggestive QTLs (on RNO8 Fig. 1 . Blood pressure values (A) as determined by radiotelemetry in spontaneously hypertensive rats (SHR, white bars, n ϭ 6) and salt-sensitive Dahl rats (SS, black bars, n ϭ 6) and urinary albumin excretion (UAE, B) at 14 wk. Systolic and diastolic blood pressures (given as upper and lower confines of bars with standard deviation of the mean) are averaged over a 24-h period. Animals were fed a low-salt diet containing 0.2% NaCl by weight. and RNO10), and the four significant QTLs is supported by the finding of only one F 2 animal that carried two UAE increasing alleles at all seven QTLs including the two SHR alleles at the QTL on RNO11. This animal had an UAE rate of 96.12 mg/24 h, while one F 2 rat that was homozygous for UAE increasing alleles at six QTLs (i.e., excluding RNO19) demonstrated a lesspronounced increase of UAE with 16.31 mg/24 h (Fig.  5) . Moreover, F 2 animals inheriting two UAE increasing alleles at five or less QTLs demonstrated a further decline in averaged UAE (Fig. 5) .
Glomerular morphology and GSI were determined by light microscopy in six F 2 animals demonstrating either high or low UAE rates in the total F 2 population, respectively. No difference in glomerular morphology between the two groups of F 2 animals was detected.
DISCUSSION
Recently, we have shown that the SHR strain used here as a contrasting reference strain for SS is capable of maintaining systolic blood pressure and UAE unchanged in response to a diet containing 4% NaCl by weight even after unilateral nephrectomy (21) . In addition, no significant changes in glomerular structure and damage index were observed in SHR after unilateral nephrectomy and salt loading by light microscopy evaluation. These recent findings demonstrated that the SHR strain inherits a unique salt-resistant blood pressure phenotype and is at the same time resistant toward the development of functional and structural glomerular damage. Thus the SHR strain is well suited, even more so when studied under a low-sodium diet, as a contrasting reference strain for the SS rat with its distinct glomerular disease phenotype. This notion is supported by our time course analysis of UAE in young SHR and SS rats demonstrating a significant increase of UAE in SS as early as after weaning of the animals at 4 wk. This early contrasting phenotype led to a further 280-fold elevation compared with SHR at 8 wk, thus achieving a striking difference and setting the basis for cosegregation and linkage analysis.
Our UAE data obtained in the SS strain at 4 wk are very similar to the findings reported by Sterzel et al. (27) more previously. In the latter study, however, SS animals were subsequently followed under a diet containing 0.9% NaCl. This could have contributed to an acceleration of both blood pressure development and renal damage with age in their longitudinal observation study due to the exquisite salt sensitivity of SS (27) . It might have also affected the ultrastructural evaluation in this report, in which the authors observed in some glomeruli abnormalities of the glomerular basement barrier including thickening and broadening of podocyte foot process as important early signs of glomerular disease in somewhat older animals at 5-6 wk. In our study, in contrast, ultrastructural analysis by electron microscopy was carried out in younger animals at weaning at 4 wk and in animals that were raised together with their mothers on a diet containing a lower NaCl content (i.e., 0.2%). This evaluation demonstrated a normal glomerular structure including normal podocytes in SS. Thus, taken together, the current data clearly demonstrate that early onset of albuminuria in SS rats at 4 wk takes place before the onset of ultrastructural glomerular changes. and an SHR rat (C and D) at 4 wk of age at low (A and C, ϫ2,000) and high (B and D, ϫ20,000 and ϫ25,000, respectively) magnification. Note the virtual absence of podocyte retraction, effacement, and hypercellularity at this stage in the SS rat. This is also observed in the hypertensive and albuminuric MWF rat in which morphological changes of the glomerular basement membrane or ultrastructure of the podocytes are not responsible for the increased UAE inherited in this strain (8) . Therefore, genetic mechanisms leading to functional impairment of intrinsic properties of the glomerular wall rather than to structural impairment must be responsible for abnormal glomerular filtration of albumin and increased UAE in both the MWF strain (17) and the SS strain.
Adult F 1 animals of the current cross between SS and SHR rats demonstrated UAE levels similar to those observed in the SHR strain, confirming an overall recessive genetic influence on UAE in SS animals. According to this finding, the conventional strategy would have been to perform a backcross study into the background of the disease model, i.e., SS, to increase the number of animals carrying two SS alleles at any given locus on average to 50% compared with 25% observed in an F 2 intercross (23, 25) . The advantage of the F 2 intercross performed here is to identify genotype-phenotype relations due to epistasis and genetic background that are not expected from phenotypes observed in parental strains or F 1 animals (7). A case in point represents the QTL on RNO11 showing suggestive linkage to UAE with the SHR allele causing an increase in UAE. This finding indicates the existence of a QTL protecting the SS strain from further increase in UAE. Resistance against the development of proteinuria has been also described in PVG/c rats (30) and in LEW/Moe rats (9) after induction of immune-mediated injury. Further research may provide new insights as to how the glomerulus is able to protect itself from loss of permselectivity in immune-meditated or non-immune-mediated injury.
Alternatively, the SHR QTL locus may promote UAE, whereas this effect is normally masked in SHR parental animals due to compensation by the otherwise resistant genetic background. As evident from Table 1 , the RNO11 QTL would not have been identified in a backcross population, which allows one only to compare animals with the SS and SR genotype. In addition, a trend toward higher UAE levels in heterozygous animals compared with animals carrying two RR alleles was observed at the QTLs on RNO8 and RNO19, and a significant albeit modest difference was detected on RNO6, which would have been missed in a backcross study as well.
Nevertheless, the current result in F 1 animals demonstrating overall a recessive mode of inheritance for UAE in SS is in keeping with our data obtained in the MWF model, as ell as with results obtained by others in rat and mouse models in which the same inheritance pattern for renal disease phenotypes has been observed (16, 19, 25, 26) . Of interest, a similar inheritance pattern seems to influence UAE also in diabetic and nondiabetic members of families with type 2 diabetes (2, 3) .
In a recent cross between MWF and normotensive Lewis reference rats we identified four suggestive or significant UAE QTLs on RNO1, RNO6, RNO12, and RNO17 by genome-wide QTL mapping (23) . In the current study, we identified six UAE QTLs on different chromosomes, while the QTL on RNO6 identified in both crosses seem to overlap. Therefore, a different set of QTLs is involved in the polygenetic determination of UAE in the SS rat. Very recently, a backcross population between SS and SHR/NHsd rats, which were obtained from Harlan Sprague-Dawley, was also studied under a low-salt diet by Garrett et al. (4) . In this report the authors performed a time course analysis of albuminuria and determined UAE at 8, 12, and 16 wk of age. They identified two UAE QTLs on RNO6 and eight additional QTLs on RNO1, RNO2, RNO8, RNO9, RNO10, RNO11, RNO13, and RNO19 (4). Most of these 10 QTLs were either present at week 8 and persisted through week 16 or became progressively more prominent over time. Moreover, the authors could show that most UAE QTLs colocalized with QTLs for structural renal damage as determined by light microscopy, whereas only the UAE QTL on RNO10 colocalized with a blood pressure QTL. Except the QTL2 on RNO6 and the QTLs on RNO1 and RNO13, the other seven UAE QTLs identified by Garrett et al. seem to overlap with the QTLs identified in the current study (4) . The fact that the two independent studies were performed in strains from different colonies and led largely to comparable results substantiates the relevance of the QTLs identified in both studies for the polygenetic determination of UAE in the SS rat.
The necessity of synergistic interactions of multiple UAE QTLs for the manifestation of a considerable increase in UAE is highlighted in the current study by the two F 2 animals that inherited the homozygous state of two UAE increasing alleles at seven (i.e., all QTLs) or at six of the identified QTLs (Fig. 5) .
The genetics of salt-sensitive blood pressure in the SS model has been extensively studied, and 16 blood pressure QTLs have been identified in total (5). Recently, two studies for salt-sensitive blood pressure QTL mapping were performed between SS rats and models with spontaneous hypertension (5, 6) . In a cross between SS and the albino surgery (AS), Garrett et al. (5) mapped blood pressure QTLs to RNO2, RNO4, and RNO8; in a cross between SS and SHR/NHsd rats, which were obtained from Harlan Sprague-Dawley, the authors mapped blood pressure QTLs to RNO3, RNO8, and RNO9 (6) . In these experiments F 2 rats were exposed to a high-salt diet containing 8% NaCl, and data for renal damage or UAE were not reported. The QTLs for early onset albuminuria on RNO8 and RNO9 identified in the current study appear to colocalize with the previously identified blood pressure QTLs (5) . Thus the existence of a common genetic basis for early onset glomerular dysfunction leading to increased UAE and salt-sensitive blood pressure increases in older animals appears possible and should be investigated in future studies.
The aim of the current report was, however, to study the genetics of the glomerular phenotype leading to early onset of increase UAE in SS in the absence of structural glomerular changes. Sterzel et al. (27) demonstrated previously that SS animals develop progressive renal damage over time even when raised under a diet containing only 0.9% NaCl. Consequently, the genetic analysis of UAE in older animals is potentially confounded by structural glomerular changes, particularly when studied under higher salt diet. Nevertheless, the onset of increased UAE in young SS animals is not attributable to systemic hypertension or increases in glomerular capillary pressure as previously demonstrated (27) . In addition, we have shown in the current study that onset of albuminuria is also not related to changes of glomerular ultrastructure, which is in agreement with other studies in animals and humans describing albuminuria in the absence of any ultrastructural alterations in the glomerular capillary wall (1, 29) . Therefore, we set out to characterize the genetics of early onset albuminuria in the SS rat and could show that multiple QTLs are involved in this glomerular disease phenotype. Although we did not perform electron microscopy evaluation in the F 2 rats, we could exclude structural differences by light microscopy in F 2 animals with high UAE compared with those with low UAE. Our data provide the basis for further investigations to study the mechanisms leading to abnormal filtration of albumin across the glomerular capillary wall in the SS rat.
